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Summary: CBF and related parameters were studied in 68 patients before, during, and following cardiopulmonary bypass. CBF was measured using the intraarterial I33Xe injection method. The extracorporeal circuit was nonpul satile with a bubble oxygenator administering 3-5% CO2 in the main group of hypercapnic patients (n = 59) and no CO2 in a second group of hypocapnic patients. In the hypercapnic patients, marked changes in CBF occurred during bypass. Evidence was found of a brain luxury per fusion that could not be related to the effect of CO2 per se. Mean CBF was 29 mil 100 g/min just before bypass. 49 ml/IOO g/min at steady-state hypothermia (27°C), reached a maximum of 73 mlllOO g/min during the rewarming phase (32°C), fell to 56 ml/IOO g/min at steady-state nor mothermic bypass (37°C), and was 48 mlllOO g/min shortly after bypass was stopped. Addition of CO2 evoked systemic vasodilation with low blood pressure and a rebound hyperemia. The hypocapnic group re sponded more physiologically to the induced changes in hematocrit (Htc) and temperature, CBF being 25, 23, 25, 34, and 35 mlllOO g/min, respectively, during the five cor responding periods. Carbon dioxide was an important Many of the parameters known to influence the brain's circulatory homeostasis change during car diopulmonary bypass: Hematocrit (Htc) is lowered to -25% and core temperature is reduced to <30°C, with even lower temperatures often being reached in the brain. Periods of low arterial pres sure occur frequently, and the type and depth of anesthesia are changed during bypass. The effects on CBP of changes in these various parameters are not easily separated.
regulator of CBF during all phases of cardiac surgery, the responsiveness of CBF being �4% for each I-mm Hg change of Paco2• The level of MABP was important for the CO2 response. At low blood pressure states, the CBF responsiveness to changes in Paco2 was almost abolished. An optimal level of Paco2 during hypothermic bypass of �25 mm Hg (at actual temperature) is recommended. A normal autoregulatory response of CBF to changes in blood pressure was found during and following bypass. The lower limit of autoregulation was at pressure levels of �50-60 mm Hg. CBF autoregulation was almost abol ished at Paco21evels of >50 mm Hg. The degree of hemo dilution neither affected the CO2 response nor impaired CBF autoregulation, although, as would be expected, it influenced CBF: In 33 women CBF was 55 ml/IOO g/min at an Htc of 24%, as compared with 42 mlllOO g/min in 35 men (Htc = 28%). High Pao2 was a vasoconstrictor, the autoregulatory plateau being narrowed. The lower limit of autoregulation was shifted to a higher pressure when Pao2 was low. Key Words: Autoregulation-Carbon dioxide tension-Cardiopulmonary bypass-Cerebral blood flow-Hypothermia.
In normal awake or anesthetized humans, cere brovascular autoregulation maintains CBP constant over wide limits of blood pressure (60-150 mm Hg), with CO2 having an important influence on it. Although there have been several studies of CBF during bypass in humans and animals (Halley et a!. , 1958; Wollman et a!. , 1966; Held et a!. , 1969; Henriksen et aI. , 1981 Henriksen et aI. , a.. 1983 Henriksen et aI. , , 1986 Henriksen, 1982; Fox et a!. , 1982; McKay et a!. , 1983; Henriksen and Hjelms, 1986) , only few have consid ered CBF autoregulation. Different acid-base reg imens are practiced (Swan, 1984) . Some investi gators find CO2 to be an important ancillary agent during bypass to maintain a high local CBF, whereas others have abandoned this procedure (Niazi and Lewis, 1956 ; Ikeda et a!. , 1966; Barrat-Boyes et aI. , 197 1; Brown et aI. , 1976; Kennealy et aI. , 1978; Miller et aI. , 1979; Becker et aI., 198 1; Fox et aI. , 1982) . Arterial pressures are often reached that are below the lower limit of autoregu lation, and low pressure is sometimes accepted throughout the bypass period as a state of con trolled shock (Ellis et aI. , 1980; Kolkka and Hi berman, 1980; Fox et aI. , 1982; An�n et aI. , 1984 An�n et aI. , , 1985 . In contrast, other authors regard hypoten sion as a major cause of postmortem and postoper ative CNS abnormalities and dysfunction (Brierley et aI. , 1969; Javid et aI. , 1969; Tufo et aI., 1970; Aguilar et aI. , 197 1; Witoszka et aI. , 1973; Kayser, 1980; Malone et aI. , 198 1) .
The clinical objective of this work was to obtain information about CBF during the different periods of cardiopulmonary bypass in humans and to eval uate the effects of changes in PaC02 and blood pres sure to find the optimal level of Paco2 and lowest acceptable blood pressure.
MATERIALS AND METHODS
The results and their interpretation are based on a main group of 59 unselected patients undergoing open-heart surgery. A second group comprised nine patients for whom no CO2 was added to the oxygenator during by pass. The latter group was used for comparison to sup port the findings in the main group. The study periods were (a) between sternotomy and the start of bypass. (b) hypothermic bypass. (c) rewarming period during by pass, (d) normothermic bypass, and (e) shortly after by pass was stopped. There were 35 men and 33 women (mean age 55 years. range 27-78 years). The operative procedures were aortic and/or mitral valve replacement in 48, coronary venous bypass grafting in 19, and closure of an atrial septal defect in I patient. N one of the patients had either a history or clinical evidence of cerebrovas cular disease.
The experimental protocol was approved by the chair-. person of the Department of Cardiothoracic Surgery, Rigshospitalet. Informed consent was obtained from all patients prior to the study.
Cardiopulmonary bypass
The extracorporeal technique consisted of a Rygg Kyvsgaard heart-lung machine with a bubble oxygen ator. A 40-fLm filter (Pall) was used in the cardiotomy suction line. Priming was with Ringer's lactate, 2.0-2.5 L, which was also used as a volume expander during by pass. Tr ansfusion of blood was first given after bypass was stopped. Flow rate was maintained at 1.8-2.4 Llmin/m 2 during bypass. Bypass was initiated with gradu ally increasing flow, with full flow being established within the first minute. Bretschneider's or St. Thomas's cardioplegic solution, at 4°C, was infused into the aortic root just after the aorta had been cross-clamped. The cooling rate was fast, with the temperature of water en tering the heat exchanger being 12-14°C. The heat ex changer temperature was increased to 28°C when the pa tients in the valve group and the graft group had reached an esophageal temperature of 28 and 22°C, respectively.
In IS of the hypercapnic and the 9 hypocapnic patients, the core temperature (rectum) was used instead of esoph ageal temperature to control the heat exchanger tempera ture. The temperature was kept at this level during the cardiac repair. The heart was topically cooled by crushed ice in the pericardium. In the hypercapnic patients (n = 59), carbon dioxide 5% was added to the oxygenator until steady-state hypothermia had been reached, then re duced to 3%.'. In the nine hypocapnic patients, no CO2 was added to the oxygenator. The gas-blood flow ratio was 1.5: I during rapid cooling and I: I during steady-state cooling and the remaining part of the bypass. The tem perature gradient between the heat exchanger and the rectal temperature during rewarming was not allowed to exceed 10°C.
CBF method and variables CBF was measured with the intraarterial 133Xe injec tion method (H!/ledt-Rasmussen et aI., 1966; Olesen et a!., 1971) modified to allow rapid and repetitive measure ments of CBF during open-heart surgery (Henriksen et aI., 198 1a; 1983) . Injection of 133Xe dissolved in saline (15-30 mCilm!) was performed in the right common or internal carotid artery. The clearance of 133Xe was fol lowed by a single I-in N aI crystal positioned over the right parietal region. CBF was calculated by the initial slope method (Olesen et a!., 1971) . The formula used was CBF = -'A ·In 10· Do' 100 mIll 00 g/min, where 'A is the blood-brain partition coefficient for gray matter and Do is the initial slope (the first 10-40 s) of a semilogarithmic recording of the clearance curve. An estimate of the average gray matter flow is obtained within a few minutes of making the measurements. The value for'll. depended upon temperature and Htc and was derived from a nomo gram based on the equations of Chen et a!. (1980) . The main disadvantage of injecting into the common carotid artery as compared with the internal carotid artery is that I33Xe enters the extracerebral circulation with the result that CBF is slightly underestimated. However, the un derestimate is minor and a "truer" CBF would only ac centuate the brain hyperperfusion that was the main finding of our study. The amount of 133Xe in the scalp of a normal subject I min after injection is � 7% of that in the brain (Filipow et aI., 198 1) . Incremental doses of 133Xe were used to keep the reamining activity below 10% of peak count rate. CBF was corrected for the activity re maining from previous measurements by subtraction of its monoexponential interpolated curve.
MABP, Htc, Paco2, Pao2, and temperatures (esophageal, rectal, and arterial line) were measured at the time of each CBF measurement. All samples for blood gas deter mination were measured at 3rC (ABL4; Radiometer, Copenhagen) and the values then corrected to obtain the blood gases at the relevant temperature. Only corrected values for Paco2 and Pao2 are presented and used in the calculations.
Anesthesia
The patients were premedicated with 5-10 mg of mor phine or 10-IS mg of diazepam plus scopolamine 0.2-0.4 mg i.m. General anesthesia was initiated with thiopental 2-4 mg/kg i.v. Pancuronium and suxamethonium were given intravenously for muscle relaxation. Anesthesia was then maintained until bypass with 1.5% enflurane in pure oxygen. During bypass entlurane was discontinued and anesthesia maintained with fentanyl 5-10 fLgllO kg i.v. and with 0.3-0.6 mg i.v. scopolamine. Rewarming was usually facilitated with chlorpromazine at a dose of up to 0.5 mg/kg.
Temperature
We had previously measured temperatures in rectum, esophagus, rhinopharynx, tympanic membrane. arterial line, and bulb of the internal jugular vein. From these measurements, using the temperature in the bulb of the jugular vein as a reference, it was found that the best rou tine estimate of the brain's temperature was the mean of the esophageal and arterial line temperatures (L. Henriksen, unpublished results). The second best choice was the esophageal temperature. Whenever temperature is mentioned in the present article. it refers to one of the following: rectal temperature for measurements made be fore bypass; the mean of arterial and esophageal tempera tures for measurements made during bypass: and esopha geal temperature for measurements made after bypass.
Statistics
The Kruskal-Wallis nonparametric test (Siegel, 1956) or its analogous parametric F test was used for analysis of variance of the results obtained during the five pe riods. For comparison between two groups. and inde pendent t test was employed. A significance level of p < 0.05 was used.
RESULTS
The results and interpretations are based on 952 measurements of CBF and related variables in 68 patients (see Ta ble I and Fig. I) . Marked changes in CBF and related parameters occurred during car diopulmonary bypass (Table I; Fig. I ). In the main group of 59 hypercapnic patients, CBF responded normally to an elevated Paco2 (discussed later). During bypass a marked CBF increase occurred that could not be explained wholly by changes in Paco2, blood pressure, or Htc: CBF increased from a prebypass level of 29 mlllOO g/min to maximum values of 49, 73, and 56 mlllOO g/min during the pe riods of hypothermia, rewarming, and normo thermia, respectively. After bypass CBF was 48 mlilOO g/min. A rough estimate of this "luxury" ce rebral perfusion is illustrated as a shaded area in Fig. 1 . In the second group of nine hypocapnic pa tients in which a total of 120 measurements were made, there was a nearly physiological CBF re sponse to the induced changes in Htc and tempera ture ( Fig. 1, right) . CBF was 25 mill 00 g/min before bypass and 23, 25, 34, and 35 mlilOO g/min at hypo thermia, rewarming, normothermia, and after by pass, respectively.
A normal responsiveness of CBF to changes in Paco2 was found during all five periods of the pro cedure. A PaCOZ change of 1 mm Hg resulted in �4% change in CBF (Fig. 2) . In the hypocapnic group of patients, the same CO2 responsiveness was found, but the CBF values were generally J Cereb Blood Flo)\' Me/ab. Vol. 6. No.3. 1986 much lower (Fig. 2, bottom) . The Icvel of mean blood pressure markedly influenced the responsive ness of CBF to Paco2 changes: The lower the blood pressure, the less was the CBF response to Paco2 changes ( Fig. 3) .
Comparing the hyper-and hypocapnic groups of patients during the first 20 min of bypass, CO2 caused systemic vasodilatation that resulted in low blood pressure, a more rapid cooling, and brain hy perperfusion (Table 2) . To study the effect of the in duced hypotensive episodes on CBF during the first 20 min of bypass, groups of 31 hypotensive and 26 normotensive patients were identified from among the 59 patients for whom CO2 was added during bypass. A significant reactive hyperemia oc curred in the "hypotensive" patients in which MABP was <40 mm Hg for >5 min (Table 3 ).
The two sexes were equally represented with 35 men and 33 women. CBF was significantly higher in the women (p < 0.000 1) ( Fig. 4 ), probably be cause lower body weight resulted in a lower Htc (24% for the women and 28% for the men). The dif ference in Htc did not influence the sensitivity of CBF to changes in Paco2: i.e., the two curves had the same shape (Fig. 4) .
The response of CBF to changes in MABP at three different levels of Paco2 is illustrated in Fig. 5 . With increasing levels of Paco2, the autoregulatory plateau was shifted up and rightward until auto regulation was almost abolished at high Paco2 levels. The response of CBF to changes in MABP at three different levels of Htc was different from this ( Fig. 6 ) : CBF increased as Htc was reduced, but CBF autoregulation was not impaired. Figure 7 illustrates the response of CBF to changes in blood pressure at low Pao2 « 100 mm Hg), medium Pao2 (100-200 mm Hg), and high Pao2 (>200 mm Hg). The vasoconstrictive effect of Pao2 when blood is fully saturated is evident and as with Htc the auto regulatory plateau is narrowed and shifted up and rightward with low Pao2 values.
From these illustrations it is evident that the lower limit of autoregulation was reached at pres sure levels of �50-60 mm Hg: With hypocapnia and hyperoxygenation, even lower values of blood pressure seem to be tolerated without a fall in CBF ( Fig. 7) .
DISCUSSION
Many factors known to effect CBF change during cardiopulmonary bypass, e.g., the type and depth of anesthesia, Htc, temperature, and solubility and tension of O2 and CO2, Further, blood pressure is often reduced, pulse pressure is almost abolished, 
Values are means ± I SEM, n = no. of measurements. The Kruskal-Wa llis test . a nonparametric analysis of variance, was used to test for variance among the fi ve periods. The prefix minus or plus refers to minutes before or after bypass, re spectively.
The significance levels in the t test between the two groups were ap < 0.000 1, bp < 0.00 1, cp < O.O!' dp < 0.05. and systemic acidosis frequently occurs, These factors are not easily separated, but earlier studies and the present investigation justify some general and a few specific remarks.
Anesthesia was induced with a small dose of bar biturate followed by enflurane. During cardiopul monary bypass, anesthesia was maintained with in travenous fentanyl. The effect on CBF of the dif ferent anesthetics used has been measured in normal humans not undergoing bypass, and a dif ferent effect on CBF during nonpulsatile hypo thermia or normothermic bypass is unlikely. There fore, the general trend should be a subnormal or normal CBF before bypass (barbiturate plus en flurane) and possibly a reduced or unchanged CBF with fentanyl, provided all other parameters are un changed (Michenfelder and Theye, 197 \; Michen felder and Cucchiara, 1974; Lassen and Chris tensen, 1976; Vernhiet et aI., 1978; Rolly and Van Aken, 1979; Steen, 1982) . Chlorpromazine is not considered to influence CBF (Moyer et aI., 1956; Sokoloff, 1959) , and was first given during re warming when the high levels of CBF had already occurred. It is therefore unlikely that the anesthetic agents per se should be responsible for the marked increase in CBF during cardiopulmonary bypass.
General remarks about pH and P aco2
With rare exceptions, hypothermia is routine during cardiac operations. Systemic pH and Paco2 are kept at the normal levels of 7.40 and 40 mm Hg, respectively (at actual temperature). The rationale underlying current acid-base management in hy pothermic patients rests primarily on the general concept that pH values normal at 37°C are also ap propriate at lower temperatures. However, at tem peratures other than 3rC, the optimum level of ventilation, and hence Paco2 and pH, for nonhiber nating homeotherms is unknown (Reeves, 1969; Rahn, 1976; Becker et aI., \981) .
As temperature is reduced, blood exhibits a pro gressively higher pH and a lower Paco2 (Rosenthal, 1948) . Although some investigators have felt that alkalosis might be beneficial in buffering acid me tabolites that may accumulate, this concept is gen erally in disfavor. The combination of hypothermia Table 1 ). The main finding was that hyperemia occurred in the hyper capnic patients, which could not be accounted for by changes in P .co2, MABP, or hematocrit (Htc). The shaded area is a rough estimate of the hyperemia that did not occur in the patients for whom no CO2 was added to the oxygenator. Values are means ± 1 SEM, n = no. of measurements. Tp-A, arterial temperature; Tp-E, esophageal temperature; Tp-R, rectal temperature; Tp-B, estimated brain temperature.
and alkalosis causes the oxyhemoglobin dissocia tion curve to shift to the left, resulting in a de creased oxygen availability to the tissues. Conse quently, many cardiac surgery units find CO2 to be an important ancillary agent during hypothermia, allowing maintenance of normal levels of pH and
Paco2 (Niazi and Lewis, 1956; Ikeda et aI., 1966; Barrat-Boyes et aI., 1971; Brown et aI., 1976; Ken nealy et aI., 1978; Miller et aI., 1979) . This acid base strategy leads to an increased local CBF and an increased oxygen release availability.
The effect of Paco� on CBF is possibly mediated through periarteriolar changes in pH (Lassen, 1974 CBF/mm Hg change in P aC02) was �4%, there being no difference in sensitivity between the various periods. Left: All measure ments from the 68 patients (n = 879) with blood pressure of �40 mm Hg during the five periods are presented. Right: Measure ments before bypass are excluded (owing to a higher hematocrit) and the other measurements are pooled together to give the general CBF-Pac02 relationship. The 9 patients with no CO2 added to the oxygenator (hypocapnia, n = 100) showed the same CO2 reactivity in the CO2 range studied as the group of 59 hypercapnic patients (n = 723). Resetting of CBF to higher values in the hypercapnic patients illustrates that the hyperperfusion must be caused by other means than CO2 per se. Values are means ± 1 SEM.
Relationship between CBF, Pacob Pao2, and blood pressure
In normal awake or anesthetized humans not un dergoing cardiopulmonary bypass, the CBF-Pacoz relationship is well established, the CBF change per millimeter of mercury being -3-4% (Kety and Schmidt, 1946; Olesen et aI., 197 1; Grubb et aI., 1974; Lassen, 1974; Lassen and Christensen, 1976 ).
Very few data on the CBF -PaCOZ relationship during bypass have been reported in humans. Wollman and colleagues (1966) , estimating CBF from the arteriovenous oxygen difference, found PaCOZ to be important in regulating CBF. Our mea surements of the CBF responsiveness to PaCOZ changes support the classical concept of COz being a major determinant of CBF with flow responding normally to changes in PaCOZ during all periods of cardiopulmonary bypass (Fig. 2) . Without adding COz, much lower CBF was obtained, but the same reactivity was noted (Fig. 2, right) (Govier et aI., 1984) . The CBF-Pacoz relationship was unaffected by the level of Htc (Fig. 6 ). Only a change in the blood pressure changed the COz response (Fig. 3) .
The hypotension frequently observed during car diopulmonary bypass in humans resembles the cx-perimental hemorrhagic hypotension used for studies of the CBF autoregulation more than it re sembles the more commonly used drug-induced hy potension in humans (e.g., with ganglion blocking agents or peripheral vasodilators). These studies showed that hemorrhagic hypotension can modify or even abolish the CO2 response at low pressure levels, the vasodilatative response to COz being curtailed because of autoregulatory arteriolar vaso dilatation at low pressure (Haggendal and Jo hansson, 1965; Harper and Glass, 1965; Russel, 1971 ).
Studies of the cerebral autoregulation during by pass are few. Held and co-workers (1969) found au toregulation to be preserved in dogs during pulsa tile and nonpulsatile bypass. In their study the lower limit of autoregulation was -70 mm Hg. Fox et al. (1982) measured arteriovenous oxygen differ ences in 17 patients during hypothermic bypass and found indications that autoregulation was main tained. From their data and figures, it appears that the lower limit of autoregulation was -50 mm Hg. This is in fairly good agreement with the present finding of a lower limit at -50-60 mm Hg (Figs. 5-7). However, it should be remembered that indi- Sensitivity of CBF to changes in P .c02 was markedly influenced by the blood pressure: the lower the blood pres sure, the less the sensitivity to CO2, A t test between CBF in the three groups showed a highly significant difference (p < 0.00005); the other variables were not affected. Values are means ± 1 SE M. Measurements from all 68 patients during all five periods are included.
vidual variation is to be expected and some patients may have a poor CBF autoregulation and therefore may be much more vulnerable to reduced blood pressures. Furthermore, it is well established that in chronic hypertension, which is often present in patients with coronary artery diseases, the lower limit of autoregulation may be reset to a higher pressure than normal (Strandgaard et aI., 1974) . Considering these facts, I find it unadvisable to re duce blood pressure to below 50-60 mm Hg during bypass.
CBF autoregulation is known to be influenced by the level of PaCOZ and it may even be abolished during severe hypercapnia (Harper and Glass, 1965; Harper, 1966) . Our measurements of the CBF -MABP relationship at different levels of PaC02 during bypass are fully in agreement with this classic concept (Fig. 5) . The response of CBF to changes in blood pressure at different levels of Htc (Fig. 6) showed that CBF increased as Htc was re duced. However, there was no impairment of CBF autoregulation, even at low levels of Htc. This dif ference between Paco2 and Htc illustrates two radi cally different mechanisms by which the CBF au toregulation is affected: Paco2 causes dilatation through periarteriolar pH changes with resultant impairment of CBF autoregulation, whereas Htc acts through changes in viscosity and oxygen re lease capacity (Henriksen et aI., 198Ib) . The effect of Pao2 on CBF autoregulation resembles the effect produced by different levels of Htc: Autoregulation is not impaired but with decreasing levels of Pao2 the plateau is narrowed and at a higher CBF, with the lower limit being shifted to a higher pressure. There is, however, an additional factor that has to be considered. With Pao2 values below 100-120 mm Hg, oxygen saturation and oxygen release ca pacity are reduced and a compensatory increase in CBF follows. With Pao2 values above 100-120 mm Hg, hemoglobin is 100% saturated, and therefore a vasoconstrictive effect of the physically dissolved O2 in plasma has to be considered (Kety and Schmidt, 1948; Heyman et aI., 1952 Heyman et aI., , 1953 Lam bertsen et aI., 1953; Jacobson et aI., 1963; Kong et aI., 1969; Miller et aI., 1969) . Looking at the data presented in Fig. 7 , it appears that autoregulation is effective even down to very low levels of blood pressure in the hypocapnic-hyperoxygenated state.
Luxury perfusion
The hyperperfusion during bypass was unex pected, and a rough estimate of the "luxury" per fusion is illustrated in Fig. I . During bypass, addi tion of CO2 caused a general vasodilatation with low blood pressure, a more rapid cooling, and brain hyperperfusion ( Table 1 and 2). The hyperperfusion continued during steady-state hypothermia and the Values are means ± I SEM. In 59 patients in the hypercapnia group, CO, was added during bypass. In the nine patients in the hypocapnia group, CO2 was not added.
Significance level of t test between the two groups: "p < 0.001: bp < 0.01: cp < 0.02. Significance levels of t test between the two groups: 'p < 0.000 1: dp < 0.001: ep < O.OI;fp < 0.05.
rewarming period, where, despite the brain's hy pothermic low metabolic state, CBF was 49 and 73 ml/lOO g/min at 27 and 32°C, respectively. In the pa tients with no CO2 added to the oxygenator, an al most physiological response to changes in tempera ture and Htc occurred (Fig. I) . We do not know with certainty what caused the hyperperfusion in the hypercapnic group of patients. The responsive ness to CO2 was normal and remained unchanged during all phases of the surgery, although CBF was higher than could be expected from a normal CO2 response. Therefore, factors other than the re sponse to CO2 per se have to be considered.
A reactive hyperemia due to a prior hypotension is probably of pathological significance. Once blood pressure is restored, a reactive hyperemia follows and may resolve over a short period of time as the oxygen debt is paid, the duration depending on the time and magnitude of the hypotensive period. More marked changes in the microcirculatory mi lieu may require a longer time to recover, and 1-2 h of hyperemia has been reported (Lassen, 1966; Carlsson et ai., 1976; Siesjo, 1984) . If the hypoxic oligemic event causes structural changes, the hy peremia could last from days to weeks.
The addition of CO2 caused systemic vasodilata tion with a significant hypotension in the early phase of surgery (Table 2) . To substantiate the pos-sible importance of induced hypotension as a factor inducing a reactive hyperemia, a group of 31 "hy potensive" and 26 "normotensive" patients were selected from the 59 pateints for whom CO2 was added during bypass (Table 3) ' the selection crite rion being based on MABP during the first 20 min of bypass. The "hypotensive" group had a MABP of <40 mm Hg for >5 min, and the "normoten sive" group had a MABP of >45 mm Hg during the whole 20-min period. From these results, despite a slightly lower Paco2 in the "hypotensive" group, it is evident that a reactive hyperemia followed the hypotensive period (Table 3) . However, even in the "normotensive" group of patients, CBF, which was 45 ml/lOO g/min, was higher than would be ex pected considering the hypothermic low metabolic state at 27°C.
Looking at the general CBF pattern, it was some what different from that that would be expected to follow a sudden general hypoxic-oligemic event such as described above. CBF increased steadily to reach maximum values during steady-state hypo thermia and the initial part of the rewarming. The effect of CO2 and a posthypotensive hyperemia cannot sufficiently explain the CBF changes during bypass. The possibility of progressive microembo lization during bypass has also to be considered.
Blood circulating through a pump oxygenator system contains a high number of gaseous and par ticulate emboli that undoubtedly cause brain mi croembolization (Henriksen and Hjelms, 1986) . This could lead to local lactacidosis, creating a reactive and compensatory hyperperfusion as noted in most of our patients. The brain tissue downstream of these small emboli is not reached by the J33Xe and so its blood flow is not measured. However, as the surrounding hyperemic areas are easily detected, a general brain hyperperfusion is noted. Even with extensive arterial filtration, gas eous and particulate microemboli cannot be totally prevented from entering the circulation. Most of our patients, if examined very carefully. show signs of immediate central nervous dysfunction (Elsass and Henriksen, 1984) . Furthermore, emission com puterized tomography showed a generally reduced CBF within the first week following the surgery (Henriksen, 1984) . Hypothetically, I could imagine the following se quence of events to be the main factors causing the brain hyperperfusion during cardiopulmonary by pass: Addition of CO2 maintains Paco2 near normal values (at actual temperature), and the concomitant hemodilution, and hence reduced viscosity and ox-J Cereh Blood Floit' Me/ah, Vol. 6. No.3. 1986 ygen-releasing capacity, increases CBF above pre bypass values. From the start of bypass, the brain receives and retains its share of the high number of emboli known to be circulating. The higher the CBF, the higher is the percentage of total bypass pump flow reaching the brain and consequently the higher the number of emboli reaching the brain cap illaries. Entrapment of microemboli (bubbles and particulate matter) produces a reactive hyperemia that further increases CBF -creating a vicious circle. Not adding CO2, or at least reducing Paco2 to lower values than obtained in our main group of patients, could be an easy and efficient way to pre vent a larger proportion of the emboli from reaching the brain. In support of this idea is our finding that the highest increase in reaction time to repeated auditory stimuli in the first days after sur gery was in the patients having the highest Paco2 during bypass (Elsass and Henriksen, 1984) . Fur ther, CBF responded almost physiologically to changes in temperature and Htc in the group of pa tients with no CO2 added to the oxygenator during bypass (Fig. 1) . 
Optimal level of P aco2
Manipulation of Paco2 undoubtedly produces marked changes in CBF. Several reports have sug gested that during respiratory alkalosis CBF may be less than adequate and cerebral hypoxia may re sult (Malette, 1958; Malette and Eiseman, 1958; Clowes, 1967; Hasbrouck and Rigor, 1969) . Con cern has often been expressed that hypocapnia pro duced by controlled hyperventilation might further reduce cerebral perfusion during hypotension. However, the findings of Geha et al. (197 1) did not substantiate the develpment of cerebral hypoxia in the presence of hypocapnia (Pac02 12-2 1 mm Hg). These findings are similar to those of other investi gations during hypocapnia (Kety and Schmidt, 1946; Michenfelder and Theye, 1969) . However, it should be stressed that these findings, based on the analysis of lactate or Pao2 in cerebrospinal fluid, do not exclude local cerebral anoxia. Okuda and col leagues (1976) found no change in cortical blood flow when P aco2 was reduced during hypotension with halothane in the baboon. Hagerdal et al. (1975) reported that CBF was reduced to 15% of control at a Paco2 of 15 mm Hg (at actual temperature) and with a temperature of n°e. In these normal hy pothermic rats, CBF remained responsive to CO2, and they observed no adverse metabolic effects re sulting from this low CBF state. Response of CBF to changes in MABP at three dif ferent ranges of p.o2 during and following cardiopulmonary bypass in 59 patients with CO2 added to the oxygenator. Note the vasoconstrictive effect of p.o2 on CBF. The nine patients with no CO2 added during bypass are also illus trated. From these figures it appears that CBF is maintained even at very low levels of blood pressure in the hypocapnic hyperoxygenated state. In Table 4 , CBF and associated pa rameters during these different states are presented with special attention to values above the lower limit of autoregu lation (MABP �55 mm Hg).
On the basis of these investigations, it can be doubted that even markedly low levels of Paco2 «20 mm Hg at actual temperature) would entail a risk of brain damage. If low Paco2 should induce local or general cerebral acidosis, a strong vasodi latatory response would be triggered and would normalize the microcirculatory milieu. There is, however, one major reservation: The increase in CBF, which is probably the main, if not the only, compensatory mechanism preventing local or gen eral hypoxia (Carlsson et aI., 1976) , may be cur tailed if too low blood pressure or extreme hemodi lution (Htc <20%) has already caused maximum vasodilatation (Michenfelder and Theye, 1969) . With this reservation in mind, it could even be ar gued that hypocapnic ventilation might have bene ficial effects on ischemic brain tissues (Lassen, 1966; Lassen and Palvalgyi, 1968) . Around isch emic areas, brain vessels have lost their CO2 reac tivity, whereas in adjacent areas they respond nor mally to a reduction in Paco2; the resultant vasocon striction could shunt blood from the surrounding tissue to the ischemic areas-the so-called "in verse steal phenomenon."
Hypercapnia-induced vasodilation has some dis- advantages, however: Blood flow in ischemic areas is not increased and it may even lead to an intrace rebral steal (HlIledt-Rasmussen et aI., 1967) . Fur thermore, hypercapnia results in a certain degree of CBF heterogeneity and probably also perfusion pressure heterogeneity. When Paco2 is raised acute ly, CBF increases and the lower limit of autoreg ulation is shifted toward higher blood pressure levels (Harper and Glass, 1965; Harper, 1966) . Su perimposing the effect of ischemic events (mi croemboli) or a general hypoxic-oligemic episode, one must consider a possible aggravation of an in tracerebral steal and its implications for both selec tive vulnerability and recovery (Haggendal and Winso, 1975) . Given these experimental and clinical studies, and our CBF results showing unambiguously that a high Paco2 is clearly of importance in the hyperper fusion syndrome seen in our patients, it seems rea sonable to advocate low Paco2 during bypass. The optimal PaC02 is probably around 25 mm Hg (at ac tual temperature). There is no reason to suggest a lower value because, at present, there is no known therapeutic advantage of a lower Paco2.
Conclusion
In the main group of patients for whom CO2 was added to the oxygenator, a general brain hyperper-J Cereb Blood FI"", Me/ab, Vol. 6. No.3, 1986 fusion was observed during hypothermic bypass and the rewarming period that could not be related to the effect of CO2 per se, to Htc, or to blood pres sure. Furthermore, CO2 evoked a systemic vasodi latation with low blood pressure and a posthypo tensive hyperemia. If no CO2 was added during by pass, the hyperperfusion was largely avoided. Carbon dioxide tension was found to have an im portant influence on CBF before, during, and fol lowing cardiac surgery. The CBF-Paco2 relationship was unaffected by temperature or Htc level; only a reduced MABP significantly reduced the CO2 re sponsiveness. A Paco2 of �25 mm Hg (at actual temperature) is recommended during cardiopulmo nary bypass. At normocapnia CBF autoregulation was preserved, the lower limit of autoregulation being at a MABP of �50-60 mm Hg. As Paco2 was increased, CBF autoregulation was impaired. In contrast, although both hemodilution and the level of Pao2 affected CBF, autoregulation was not im paired. With the combination of hypocapnia and hyperoxygenation, CBF seemed to be maintained at MABP levels even lower than 50-60 mm Hg.
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